Despite the impressive rates of clinical response to programmed death 1 (PD-1) blockade in multiple cancers, the majority of patients still fail to respond to this therapy. The CT26 tumor in mice showed similar heterogeneity, with most tumors unaffected by anti-PD-1. As in humans, response of CT26 to anti-PD-1 correlated with increased T-and B-cell infiltration and IFN expression. We show that intratumoral injection of a highly interferogenic TLR9 agonist, SD-101, in anti-PD-1 nonresponders led to a complete, durable rejection of essentially all injected tumors and a majority of uninjected, distant-site tumors. Therapeutic efficacy of the combination was also observed with the TSA mammary adenocarcinoma and MCA38 colon carcinoma tumor models that show little response to PD-1 blockade alone. Intratumoral SD-101 substantially increased leukocyte infiltration and IFN-regulated gene expression, and its activity was dependent on CD8 + T cells and type I IFN signaling.
Despite the impressive rates of clinical response to programmed death 1 (PD-1) blockade in multiple cancers, the majority of patients still fail to respond to this therapy. The CT26 tumor in mice showed similar heterogeneity, with most tumors unaffected by anti-PD-1. As in humans, response of CT26 to anti-PD-1 correlated with increased T-and B-cell infiltration and IFN expression. We show that intratumoral injection of a highly interferogenic TLR9 agonist, SD-101, in anti-PD-1 nonresponders led to a complete, durable rejection of essentially all injected tumors and a majority of uninjected, distant-site tumors. Therapeutic efficacy of the combination was also observed with the TSA mammary adenocarcinoma and MCA38 colon carcinoma tumor models that show little response to PD-1 blockade alone. Intratumoral SD-101 substantially increased leukocyte infiltration and IFN-regulated gene expression, and its activity was dependent on CD8 + T cells and type I IFN signaling.
Anti-PD-1 plus intratumoral SD-101 promoted infiltration of activated, proliferating CD8 + T cells and led to a synergistic increase in total and tumor antigen-specific CD8 + T cells expressing both IFN-γ and TNF-α.
Additionally, PD-1 blockade could alter the CpG-mediated differentiation of tumor-specific CD8 + T cells into CD127 low KLRG1 high shortlived effector cells, preferentially expanding the CD127 high KLRG1 low long-lived memory precursors. Tumor control and intratumoral T-cell proliferation in response to the combined treatment is independent of T-cell trafficking from secondary lymphoid organs. These findings suggest that a CpG oligonucleotide given intratumorally may increase the response of cancer patients to PD-1 blockade, increasing the quantity and the quality of tumor-specific CD8 + T cells.
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+ T cells I n patients with solid tumors, biomarkers suggesting engagement of the immune system with tumor antigens within the tumor microenvironment have been shown to correlate with the patient response to blockade of programmed death 1 (PD-1) or programmed death ligand 1 (PDL-1) (1) . For example, patients responding to MPDL3280A, an anti-PD-L1 antibody, have higher expression of PD-L1 and IFN-γ on tumor-infiltrating immune cells at baseline (2) , and melanoma patients with CD8
+ T cells at the invasive margin of the tumors at baseline were more likely to respond to the anti-PD-1 antibody, pembrolizumab (3) . These studies demonstrate that the efficacy of PD-1/PD-L1 targeting therapies is highest in patients who have mounted a specific antitumor T-cell immune response before starting therapy, despite the inability of that response to adequately control tumor growth. Among tumor types with a clinically significant response to PD-1/PDL-1, the majority of patients do not respond and show little evidence of immune recognition of tumor cells. Agents capable of stimulating infiltration and functional activation of both T cells and antigen-presenting cells in such tumors could synergize with PD-1 blockade to increase the frequency of responding patients and expand the range of tumors treatable with PD-1 inhibitors. Such stimulatory agents have the potential to enhance the extent or durability of responses even in patients showing positive clinical benefit from anti-PD-1 alone.
In this study, we tested the hypothesis that immunomodulation at the tumor site with a TLR9 agonist, in animals undergoing concurrent anti-PD-1 therapy, would convert the injected lesions into a vaccine site reverting resistance to PD-1 blockade. Synthetic oligonucleotides with immunostimulatory CpG motifs (CpG-ODN) are excellent candidates for combination with PD-1 blockade. Studies in mice have demonstrated that CpG-ODN can control tumor growth by coordinated activation of both innate and adaptive responses, especially if administered intratumorally (IT) (4) . Human studies combining radiation therapy and intratumoral CpG-ODN have shown efficacy in patients with indolent B-cell lymphomas (5) and cutaneous T-cell lymphoma (6) .
Mice transplanted with the CT26 colon carcinoma cell line respond variably to anti-PD-1 treatment, with many showing no response to the agent. Control of tumor growth correlates strongly with expression of an IFN-regulated gene signature and substantial T-cell infiltration. Initiation of intratumoral treatment with the CpG-ODN, SD-101, leads to rapid infiltration and expansion of polyfunctional CD8 + T cells, resulting in durable control of tumor growth in virtually all animals and systemic immunity effective against uninjected distant-site tumors.
Significance
Recent data suggest that patients harboring immunologically incompetent tumors fail to respond to programmed death 1 (PD-1) blockade. We have developed a mouse tumor model that mimics resistance found in human tumors, and we show that intratumoral injections of a high IFN-inducing CpG oligonucleotide, SD-101, can rapidly lead to durable rejection of anti-PD-1 nonresponder tumors and generate systemic immunity to untreated distant-site tumors. The change in tumor microenvironment caused by SD-101 leads to rapid T-cell infiltration and generation of multifunctional CD8 + T cells. These studies provide significant insights into the synergy between PD-1 blockade and local TLR9 activation and provide the experimental support for clinical studies of combination therapy with PD-1 blockade and intratumoral SD-101.
Results
The Response of CT26 Tumors to PD-1 Blockade Correlates with T-and B-Cell Infiltration and Type I IFN. Groups of mice transplanted with CT26 colon carcinoma cells consistently show variation in the response to PD-1 blockade. Twenty-six out of 60 tumors responded completely (17%) or partially (>80% reduction in tumor volume, 26%) to five doses of anti-PD-1 (Fig. 1A) . However, the majority of tumors (56%) were insensitive to anti-PD-1 treatment, growing at the rate of tumors in untreated mice. Tumors in anti-PD-1 responders contained an increased density of infiltrating leukocytes compared with unresponsive or untreated tumors (Fig. 1B) . Reduction in tumor size in response to anti-PD-1 correlated strongly with elevated expression of genes regulated by type I IFNs and genes indicating T-cell presence and activation (Fig. 1C) . A similar correlation was observed between tumor size and both immunoglobulins (IgH-6) and B-cell signature genes, including the B-cell chemoattractant chemokine, CXCL13 (7) (Fig. 1C) . A similar level of heterogeneity in these signatures was observed in small tumors (day 7; 2-4 mm in diameter) before the start of anti-PD-1 treatment (Fig. 1D) . Tumors showing the highest levels of T-cell-related genes also expressed high levels of gene signatures for types I and II IFNs and B-cell activation (Fig. S1A) . These results suggest that the variation in immune contexture may be preexisting in this tumor model but do not exclude that it can be induced by anti-PD-1 treatment. Consistent with the central role of type I IFN in shaping the antitumor response (8) , the response to PD-1 blockade was abrogated by a blocking antibody to the type I IFN receptor (Fig.  1E ). To address whether B cells have a role in anti-PD-1 antitumor activity, mice treated with anti-PD-1 therapy were given a CXCL13 blocking antibody, which has been shown to decrease B-cell infiltration in tumors (9, 10) (Fig. S1B) . The response to anti-PD-1 was significantly decreased in the presence of CXCL-13 blockade (Fig. 1E) , suggesting that B cells contribute to anti-PD-1 activity, rather than simply being recruited by activated T cells and dendritic cells (DCs).
Intratumoral Immunomodulation with a High Interferogenic CpG
Overcomes Resistance to PD-1 Blockade. The well-described activities of CpG-ODN suggest it may correct the deficiencies in IFN production and cellular composition observed in anti-PD-1 unresponsive tumors and increase the frequency of mice able to generate durable antitumor immunity. SD-101 is a palindromic CpG-C class ODN currently being evaluated for immunotherapy in lymphoma and melanoma, in combination with local irradiation or pembrolizumab, respectively. SD-101 administered by IT injection as a single agent in mouse tumors is pharmacologically active, as demonstrated by substantial inhibition of tumor growth (Fig. S2A ) and elevation of type I IFN regulated genes in the tumor microenvironment (Fig. S2B) ; however, it did not lead to durable rejection in most treated animals (Fig. S2A) . To evaluate whether treatment with SD-101 could convert anti-PD-1 nonresponders to responders, mice were randomized 12 d after initiation of anti-PD-1 therapy into two groups and injected IT with either SD-101 or an inactive non-CpG oligonucleotide (CTRL-ODN) while continuing anti-PD-1 treatment. SD-101 addition to anti-PD-1 led to tumor rejection in 100% of treated mice, whereas treatment with CTRL-ODN did not increase response rates compared with the rate with anti-PD-1 alone ( Fig.  2 A and B) . Both SD-101 and anti-PD-1 were required for this uniform tumor rejection, as mice with tumors similar in size but treated only with SD-101 showed transient inhibition of tumor growth, but tumors were not completely rejected, and all ultimately progressed ( Fig. 2 A and B) . Thus, the complete responses seen with combination therapy represent a synergistic interaction between anti-PD-1 and SD-101. Parallel studies using an anti-PD-L1 blocking antibody demonstrated comparable results ( Fig. 2 C  and D) . In mice given CT26 tumors on both flanks and treated with anti-PD-1, SD-101 injection into one tumor site generated systemic immunity leading to rejection of both treated and untreated tumors and long-term survival in 13 out of 19 (68%) mice (Fig. 2E ). Mice that rejected the tumors in response to SD-101 plus either anti-PD-1 or anti-PD-L1 rejected a rechallenge with CT26 cells 100 d after initial tumor inoculation, demonstrating the induction of immunological memory (not shown). CD8 + but not CD4 + T cells were required, as a loss of therapeutic efficacy was observed only in mice depleted of CD8 + T cells starting the day before the first SD-101 treatment (Fig.  2F) . SD-101 stimulated the levels of IFNs and IFN-regulated genes in mice nonresponsive to anti-PD-1, bringing expression to levels comparable to anti-PD-1 responsive tumors (Fig. 2G) . Blocking IFN signaling decreased the response to anti-PD-1 plus SD-101 treatment (Fig. 2H) .
Similar studies were performed with two additional transplantable tumor models, the TSA mammary adenocarcinoma and the MCA38 colon carcinoma. Both models are more resistant to PD-1 blockade than CT26, as shown by a limited ability of anti-PD-1 to induce tumor rejection. SD-101 given to one site in anti-PD-1 treated mice bearing tumors on both flanks led to significant rates of tumor rejection in both the injected and uninjected tumor sites ( Fig. 3 A−D) , demonstrating the induction of systemic antitumor immunity in many animals. Thus, intratumoral administration of SD-101 can unmask the potential of PD-1/PD-L1 blockade by increasing IFN production and promoting a CD8 + T-cell response able to clear treated and distant untreated tumors.
Synergistic Up-Regulation of Immune-Related Gene Signature by SD-101 in Combination with Anti-PD-1. To identify functional pathways associated with the response to anti-PD-1, SD-101, and the combination, microarray analysis was performed on three to four replicate pools of two to three CT26 tumors in each group (Fig. 4  A and B) . Anti-PD-1-treated tumors were classified as responders (having at least 60% reduction in tumor volume) or nonresponders and analyzed separately. Tumors were collected after only three SD-101 injections to permit sufficient tissue to be collected from tumors undergoing rejection. The gene expression profiles of tumors from anti-PD-1 nonresponders and CTRL-ODN-treated tumors were indistinguishable; thus, subsequent comparisons were made primarily to the control subset. We focused subsequent analysis on respective contributions of SD-101 and anti-PD-1 to the synergistic antitumor response obtained with the combination, illustrated by the Venn diagram representing the overlap of differentially expressed genes (DEG) in tumors from all treatment groups versus tumors from controls ( Fig. 4C ). In the anti-PD-1 plus SD-101 group, there is an overall increase in the number of DEG (1, 745) compared with the anti-PD-1 responder (821) or SD-101 monotherapy (950) groups. Nearly 30% of the DEG in each treatment group is predicted to be regulated by type I and/or type II IFNs (Fig. 4D ), as classified in the Interferome database (11) .
Advanced gene ontology (GO) analysis was carried out to identify biological processes represented by these changes in gene expression relative to the control group (Fig. 4E ). The Venn diagram shows the number and overlap of significant GO terms. For each of the major patterns of overlap, the 12 most significant GO terms are listed, along with a graphical representation of the significance (by color) and the fraction of genes in each GO gene set differentially expressed (by length). A complete list of the GO terms is given in Fig. S3 . The 35 GO terms significant only in anti-PD-1 responders are associated with humoral response, macrophage activation, and antigen processing and presentation. In contrast, the 27 GO terms common to all three treatment groups represent immune responses, leukocyte migration, chemokine production, and B-cell receptor signaling. The 12 GO terms common to anti-PD-1 responder and anti-PD-1 plus SD-101 groups are related to inflammatory response, cell adhesion, and GO terms retrieved from term enrichment analysis performed using iPathway software; cut-off P value for selection of GO terms, P < 0.005. The fraction of DEG significance for selected immune-related GO terms was visualized by Tableau software. Enrichment significance is conveyed as bar color intensity. Height of the bar is proportional to the number of DEG in the GO terms. The P value is computed by iPathway software using hypergeometric distribution and is corrected using weight pruning.
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PNAS | Published online October 31, 2016 | E7245 B-cell proliferation and activation. Interestingly, among the GO genesets (27 + 12) common to anti-PD-1 responders with or without SD-101, the fraction of DEG was generally greater in tumors treated with both agents, consistent with the synergy observed in the antitumor activity. The gene signatures associated with humoral response are consistent with a significant increase of GL7 + CD95 + germinal center B-cell infiltrating tumors treated with anti-PD-1 plus SD-101. These B cells expressed IgD, which may correspond to newly differentiated GC B cells (12) (Fig. S4) , suggesting that the combined treatment promotes formation of intratumoral lymphoid structures.
SD-101 Combined with Anti-PD-1 Induces Accumulation of Polyfunctional T Cells with Increased Clonality. To characterize the effects of SD-101, anti-PD-1, and the combination on the tumor-infiltrating T cells (TILs), we isolated TILs from tumors undergoing anti-PD-1 treatment after three injections of SD-101 or CTRL-ODN (Fig.  5A ). Tumors were harvested 4 d after last treatment at a time at which mice responding to treatments still had tumors of similar size, allowing a clear comparison of relative numbers and functional state of T cells among treatment groups (Fig. 5B) . Treatment with either anti-PD-1 or SD-101 led to a substantial increase in the density (cells per gram of tumor) of CD3 +
CD8
+ T cells, and also increased the proportion of CD8 + T cells within the TILs (Fig. 5C ). Combination treatment led to a significant increase in the density (cells per gram of tumor) of CD3 +
+ T cells and also increased the proportion of CD8 + T cells within the TILs (Fig. 5C ) compared with all other groups. In contrast, we observed a decreased fraction of CD3 +
CD4
+ T cells among CD45 + cells in all three responding treatment groups relative to unresponsive tumors (Fig. 5D ). This decrease was not due to a decreased percentage of Treg (CD4
+ T cells, which were equivalent in all treatment groups (Fig. 5E ).
Proliferation and cytokine production after TCR (T-cell receptor) stimulation are among the first effector functions lost in TILs progressing through the stages of T-cell exhaustion (13, 14) . In both single-treatment groups, the frequencies of proliferating K i -67 + CD4 + and CD8 + T cells were significantly increased, with an additive or synergistic increase observed in mice treated with both agents (Fig. 5F) . Similarly, the fraction of CD8 + T cells and CD4 + T cells coexpressing both IFN-γ and TNF-α was greatly increased in the anti-PD-1 plus SD-101 treatment group compared with single-treatment or control groups (Fig. 5G) . CD8 + T cells specific for the endogenous CT26 antigen, gp70, detected by the AH1 dextramer, were significantly increased in the combined treatment group (Fig. 5H) , and this AH1 + population was also substantially enriched for double IFN-γ and TNF-α producing cells, relative to single-treatment groups (Fig. 5I) . These results indicate that combined treatment promotes an increase in recruitment of CD8 + T cells, many specific for tumor antigens, which proliferate and exhibit polyfunctionality, demonstrating a reversal of the exhausted phenotype of the TIL.
After antigen encounter, CD8 T cells can differentiate in shortlived effector cells (SLEC), which are terminally differentiated effector cells, and memory precursor effector cells (MPEC) which are long-lived effector cells destined to become memory cells (15) . Tumors responding to anti-PD-1 alone or to the combination treatment harbor a significantly increased number of antigen-specific CD8
+ T cells with the MPEC phenotype, whereas the SD-101 alone-treated group is highly enriched in CD8
+ T cells with a SLEC phenotype (Fig. 5 J and K) . To determine changes in the repertoire of infiltrating T cells, TCR-β sequences were assessed in tumors from mice treated with anti-PD-1 plus SD-101, or SD-101 alone, and compared with tumors from anti-PD-1 nonresponder mice. Tumors treated with SD-101 alone and the combination of anti-PD-1 plus SD-101 had a significantly increased clonality index, compared with the anti-PD-1 nonresponder group (Fig. 5L, Right) , suggesting that SD-101 induced the expansion of a subset of T cells infiltrating the tumor, possibly by promoting cross-priming of tumor antigens. In addition, tumors treated with the combination had significantly higher richness, as measured by the number of T-cell clones with unique productive TCRs, compared with other groups (Fig. 5L, Left) . The increase in richness of the repertoire is consistent with the increased CD8 + T-cell accumulation in the combination treatment group (Fig. 5C ) and suggests that the SD-101 plus anti-PD-1 combination promotes the expansion of previously rare, low-frequency T-cell clones. To understand whether the antitumor activity of the combined treatment was the result of new T-cell migration from draining lymph nodes or activation of T cells within the tumor, mice were treated with the sphingosine 1-phosphate receptor-1 antagonist, FTY720 (16, 17) . FTY720 given 2 h before SD-101 depleted circulating T cells (Fig.  S5A ) but did not affect antitumor activity of the combined treatment (Fig. 5M) . A similar increase in proliferating CD8 + T cells in the tumor was observed with or without FTY720 (Fig. S5B) , suggesting that priming and expansion of CD8 + T cells can occur within the tumor itself. However, SD-101 does increase lymphocyte cellularity in the tumor-draining lymph node, with T and B cells, DCs, and macrophages coordinately increased (Fig. S5C ).
Discussion
In multiple human tumor types, the clinical response to PD-1/PD-L1 blockade is highly variable among patients, with only a minority of patients achieving substantial, durable responses. In metastatic melanoma, clinical responses to anti-PD-1 antibodies correlate significantly with T cells in the tumor (1, 3, 18) . This is consistent with retrospective studies in selected tumor types, demonstrating a strong association of T-cell content in tumors and overall survival (19). In addition, the degree of CD3 + T-cell infiltration in melanoma correlates with the presence of type I IFN signature, which is associated with spontaneous remission of primary lesions (20) and increased survival in advanced melanoma (21).
The CT26 mouse tumor displays a similar heterogeneity in the response to PD-1 blockade, and the antitumor response correlates with IFN expression and T-and B-cell infiltration, suggesting utility of this model in evaluating therapies to increase responsiveness to anti-PD-1. A similar range of heterogeneity in these immune parameters was observed among tumors collected before anti-PD-1 treatment, suggesting that preexisting differences in the tumor microenvironment correlate with the response to PD-1 blockade as observed in human melanoma. The variability in anti-PD-1 response does not reflect systemic differences among mice, as only one of nine mice with two tumors rejected tumors on both flanks (Fig. 1A) . Thus, the immunoregulatory state of each tumor may represent a stochastic event occurring early after tumor transplantation.
Responsiveness to PD-1 blockade is also associated with B cells and Ig gene expression. The five most highly up-regulated genes in responders compared with nonresponders were Ig genes and the B-cell chemoattractant CXCL13. Many clinical studies have shown a positive correlation between B cells and long-term survival in breast, colon, and nonsmall lung cancer (22) (23) (24) (25) . In other studies, the presence of B-cell signature correlates with responsiveness to IL-2 (26), ipilumimab (27), and anti-Her2/neu (28). We show that neutralization of CXCL13, which significantly decreased B-cell infiltration within the tumor (9) (Fig. S1B) , diminished the response to anti-PD-1, suggesting that CXCL13 is a key chemokine contributing to anti-PD-1 effect. CXCL13 is a master chemokine able to organize ectopic lymphoid structures (25, 29, 30) , and its neutralization may affect PD-1 blockade by destroying the organization of T-cell priming structures. A decrease in B-cell infiltration may also lead to a decrease in B-cell-mediated antigen presentation and costimulation for T cells (31) (32) (33) (34) (35) .
Responsiveness to PD-1 blockade was completely lost when type I IFN signaling was blocked (Fig. 1) . Type I IFNs have a central role in shaping the antitumor response and influence multiple aspects of the immune system through recruitment and functional activation of T cells, B cells, and NK cells (8) . In mouse models, ablation of type I IFN production decreased rejection of immunogenic tumor cells due to impaired ability of DC to cross-prime tumor-associated antigens to CTLs (cytotoxic T lymphocytes) (36, 37) . In models of NK-mediated tumor rejection, production of type I IFN was essential to activate NK cytotoxicity (38). Here we demonstrate that early production of type I IFN is essential for the generation of tumor antigen-specific T cells, which are subsequently licensed by PD-1 blockade to reject tumors. The ability of the CpG-C class ODN, SD-101, to induce high levels of type I IFN, T-cell-tropic chemokines, and DC maturation suggests that intratumoral administration of SD-101 could stimulate a set of changes in the tumor environment that would increase responsiveness to PD-1 blockade. Intratumoral SD-101 can substantially increase the frequency of complete rejection of three tumor lines in anti-PD-1 treated mice, both in the injected tumor and tumors at distant, uninjected sites. This demonstrates that, in the presence of anti-PD-1, SD-101 converts tumors into an effective vaccination, generating a systemic T-cell response able to infiltrate untreated tumor sites. Although mechanistic studies focused on the CT26 tumor, therapeutic efficacy of the combination was also observed with the TSA and MCA38 models, which show little response to PD-1 blockade alone.
The SD-101-induced antitumor response in anti-PD-1 nonresponders was dependent on CD8
+ but not CD4 + T cells (Fig. 5 F  and G) . CD4-depleted mice that rejected (Fig. 2F) were still able to reject a subsequent challenge at day 80, suggesting generation of durable CD8
+ T-cell memory in the absence of CD4 + T cells. This lack of dependence on CD4 + T cells contrasts with previous reports that CD4 + T cells are essential for CD8 + T memory generation in cancer models (39, 40) . The memory response can be restored by administering anti-PD-L1 blocking Ab in a setting in which CD8
+ Tcell priming is forced to happen in a helper-deficient host, suggesting that PD-1 blockade might have circumvented the requirement of help in our system (41).
The CT26 model is particularly suitable for studying factors in the tumor microenvironment that determine responsiveness to PD-1 blockade and the ability of a locally applied TLR9 agonist to change the microenvironment. Injection of SD-101 into anti-PD1-treated tumors significantly enhanced infiltration of CD8 + T cells, relative to tumors from all groups, including tumors responding to the anti-PD-1 as monotherapy. The superior CD8 + T-cell expansion likely reflects both recruitment and expansion at the tumor site. Gene expression profiling showed increased significance of GO terms, suggesting increased leukocyte adhesion and migration and chemokine production in the anti-PD-1 plus SD-101 group (Fig. 4E and Fig. S3A) . Additionally, the SD-101 plus anti-PD-1 group had a significant increase in the proportion of CD8 + KI67 + cells, as well as GO terms, indicating activated T-cell proliferation ( Fig. 4F and Fig. S3A ). Proliferating CD8 + T cells in the combination group were also more polyfunctional, with a higher fraction producing both IFN-γ and TNF-α (Fig. 5G) , a characteristic associated with an increased ability to reject tumors (42-44). Thus, the combination was significantly more effective than either single agent at reversing the exhausted phenotype of tumor-specific CD8 + T cells. SD-101 alone directed tumor-specific CD8 + T cells toward a CD127 low KLRG1
high terminally differentiated phenotype, SLEC, previously shown to possess a limited life span (45) (Fig. 5J) . This may help explain the lack of durability of SD-101 effects, despite substantial initial effects on tumor growth. In contrast, CD8 + T cells in tumors responding to anti-PD-1 or the combination have the opposite phenotype, CD127 high KLRG1 low , which defines cells able to survive and become memory cells (MPEC) (46) (Fig. 5J) . High levels of t-box transcription factor (T-bet) induce SLEC differentiation, and CpGs can induce T-bet through IL-12 and IFN induction (45). PD-1 blockade has been shown to decrease T-bet in vaccine-induced CD8 + T cells, promoting MPEC formation (47), and our findings demonstrate that PD-1 blockade can correct the CpG-mediated differentiation of effector T cells into shortlived cells.
In summary, our results support the use of intratumoral treatment with high interferogenic TLR9 agonists in patients unresponsive to anti-PD-1 to alter the tumor microenvironment, enhance priming of tumor antigen-specific T cells, and increase rate of response to treatment. Even in patients who respond to anti-PD-1 therapy, intratumoral SD-101 might generate and expand a more functional T-cell response, increasing the efficacy and durability of clinical response.
Materials and Methods
Mice. Female BALB/c mice or C57BL/6 (6 wk to 8 wk of age) were supplied by Harlan and housed at Murigenics. All experimental procedures involving live animals were approved by the Institutional Animal Care and Use Committees of Murigenics.
Statistical Analysis. All statistical analyses were performed using Prism software v5 (GraphPad Software). Differences were considered significant at a P level less than 0.05. Data were analyzed using unpaired Mann Whitney Student's t test, unless otherwise indicated in figure legends. P values were as follows: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001.
Detailed materials and methods are provided in SI Materials and Methods. 35. Homann D, et al. (1998) Evidence for an underlying CD4 helper and CD8 T-cell defect in B-cell-deficient mice: Failure to clear persistent virus infection after adoptive immunotherapy with virus-specific memory cells from muMT/muMT mice. J Virol 72 (11) Microarray Analysis. Tumor RNA extraction was performed using RNeasy Mini Kit (Qiagen). RNA purity and integrity of pooled samples was assessed by Bioanalyzer. The cDNA synthesis and hybridization onto Illumina SingleColor MouseWG-6_V2_0-R0-11278593_A BeadChips platform were performed at UTSW Genomics & Microarray core facility. Microarray raw data were quantile-normalized by Illumina GenomeStudio, followed by t test unpaired significance analysis by GeneSpring 13.0 to identify significantly differential expressed genes. Comprehensive comparison of DEG, GO terms, and pathways of all groups in comparison with CTRL-ODN group were performed using metaanalysis of iPathwayGuide (AdvaitaBio) using normalized microarray data. The resulting differentially regulated gene list (Log 2 FC ≥ 1, P < 0.05) was analyzed for type I and type II IFN signatures using Interferome v2.01 using the Mus musculus in vivo and in vitro datasets. For GO metaanalysis by iPathwayGuide, the P value is computed using the hypergeometric distribution and corrected by applying correction factor weight pruning.
Immunosequencing of the TCR-β Expressing Repertoire and Data
Analysis. Tumors isolated were snap-frozen immediately. Genomic DNA was extracted using the Qiagen Symphony according to the manufacturer's instructions. Immunosequencing of the sample TCR-β CDR3 regions was generated using the ImmunoSEQ Assay (Adaptive Biotechnologies). Extracted genomic DNA was amplified in a bias-controlled multiplex PCR, followed by high-throughput sequencing on an Illumina instrument. Nucleotide sequences were aligned to the international immunogenetics (IMGT) database (www.imgt.org) to annotate V(N)D(N)J gene segments of the receptor. The clonality metric is defined as 1 − Pielou's evenness and is calculated as 1 + P N i ½p i log 2 ðp i Þ=log 2 N (where N is the number of clones and p i is the clonal frequency of the ith clone). Clonality values ranging from 0 to 1 describe the shape of frequency distribution: Values approaching 0 indicate a very even distribution of frequencies, whereas values approaching 1 indicate an increasingly asymmetric distribution in which a few clones are present at high frequencies. Data were analyzed using the immunoSEQ Analyzer toolset. , 9, 11, 14, 18, and 21 . After four anti-PD-1 injections, the anti-PD-1 treated group was randomized into two groups. One group of mice received IT injections of SD-101 (days 16, 18, and 21) , and the other group received i.p. injections of FTY720 2 h before intratumoral SD-101. (A) Peripheral blood T-cell analysis following FTY720 treatment on day 22. FTY720 was effective in inducing lymphopenia in peripheral blood. (B) Tumors were harvested on day 24, and TILs were analyzed by FACS. FTY720 treatment did not affect the ability of CD8 T cells and CD8 + AH1 + T cells to proliferate in response to anti-PD-1 plus SD-101 treatment. Number of pools of tumors = 3 per treatment group. (C) Analysis of the effect of treatments on tumor-draining lymph nodes' cellularity. CT26 tumor-bearing mice were left untreated or treated with anti-PD-1 on days 7, 10, 12, 14, 19, and 21 . After four anti-PD-1 injections, the anti-PD-1 treated group was randomized into two groups. One group of mice received intratumoral injections of SD-101 (days 17, 19, and 21) , and the other group received intratumoral injections of saline. Tumor-draining lymph nodes were harvested on day 24 and analyzed by FACS analysis. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
